CD8 T-cells are a critical component of adaptive cellular immunity in response to viral infection, representing the primary cytotoxic T-cell subgroup that is responsible for viral clearance. The dynamics of CD8 Tcell populations as they move from naïve to effector to memory subtypes is highly complex, consisting of multiple branching lineage paths governed by a series of tipping points. Agent-based modeling is a computational modeling method that has been effectively used to represent multi-cellular systems and is particularly well suited to characterizing the complexities of population dynamics. Herein we present an initial implementation of the Cellular Immunity Agent-based Model (CIABM) that represents the basic functions of the initial response to viral infection and the role of CD8 effector T-cell function in the face of a viral infection. Simulations of the CIABM demonstrate plausible population trajectories of viral and CD8 Tcells, as well as capturing biological heterogeneity through its incorporation of stochastic processes in the cellular rule sets.
Dynamic Knowledge Representation with Agent-based modeling
Agent-based modeling is a discrete event, object oriented, rule based and often spatially explicit method for dynamic computer modeling that represents systems as a series of interacting components [1] [2] [3] [4] [5] . An agentbased model (ABM) is a computer program that generates populations of discrete computational objects (or agents) that correspond to the component-level at which the reference system is being examined. These computation agents are organized into agent classes representing groupings of agents of a similar type by shared properties and characteristics. Agents are governed by agent rules, which are a series of instructions that allow the agent to be treated as an input-output object. ABM rules are often expressed as conditional statements ("if-then" statements), making ABMs an intuitive way for representing mechanisms identified from basic science research.
However the general nature of a "rule" allows other types of mathematical or computational models (i.e. differential equation, stochastic or network) to be used as rule systems [5] [6] [7] [8] [9] [10] [11] . Individual agents incorporate the properties and rule-structures of their parent agent class, but are able to manifest diverging behavioral paths based on the differing local inputs that are possible through the ABM's spatially heterogeneous simulation environment. This is the key property of ABMs that allows them to behave "realistically," generating population/system level outputs from the heterogeneous behavioral trajectories of individual agents that embody lower-level knowledge and mechanisms. The generation of distributions within population behavior is enhanced by the common practice of adding stochastic components to the agents' rules. This stochasticity may reflect either apparent randomness associated with limitations of measurement, or actual stochastic processes present in the reference system (which may amount to the same thing). Agent-based modeling has been used in multiple domains, such as ecology [12] , social/political science [13] , microeconomics [14] and epidemiology [15] . Agent-based modeling has also been increasingly applied to biomedical research, primarily in terms of characterizing multi-cellular interactions, such as in the study of sepsis [16] [17] [18] [19] cancer [6, [20] [21] [22] [23] cellular trafficking [24] [25] [26] [27] [28] , host-microbe interactions [29, 30] , gastrointestinal biology [31] [32] [33] and wound healing [10, 34, 35] .
By virtue of their rule-based nature ABMs are an intuitive means of representing the mechanisms and hypotheses present in the biomedical literature, allowing them to serve as dynamic knowledge representations of mechanistic hypotheses [18, 36] . The intrinsic multi-scale nature of ABMs allows researchers to translate putative causal mechanisms into system level phenotypes, an essential function in dealing with the complexity of biological systems. Additionally, the non-proscribed nature of the rules embedded in an ABM, which facilitates the initial development of abstract models and the progressive addition of more detail as it becomes needed, makes agent-based modeling well suited as a scalable modular framework that can evolve with the state of knowledge about a particular system [5, 6, 11, 19, 37] . The advantages of agent-based modeling are most evident when trying to integrate multiple populations of sub-components (such as biological cells) that interact in a highly dynamic fashion.
Methods:
The Cellular Immunity Agent-based Model (CIABM) is intended to be a generalizable model of CD8 T-cell dynamics, designed to represent different disease states resulting from different perturbations (i.e. specific infections of specific pathogens, putative vaccines and their administration strategy). We have developed multiple ABMs related to the immune response and diseases related to inflammation and immune dysfunction [17, 32, [38] [39] [40] [41] [42] [43] , and will leverage this experience to integrate various aspects of these models as components of the CIABM. Many of these models are CIABM is a modification of the SOTABM in the following fashion:
1. Antigen from transplanted tissue has been replaced with viral antigen (Viral-ag).
Viral infection occurs by infection and replication within antigen
presenting cells (APCs); in the CIABM these are macrophages and dendritic cells. The CIABM also includes an additional layer of control representing cellular immunity with respect to the regulatory role of lymphocytes,
primarily T-cell subtypes. While we recognize that there are multiple subtypes of regulatory T-cells (see [44] for an overview), the proto-CIABM abstracts these into the general classes of effector/cytotoxic T-cells and regulatory T-cells as follows:
CD8 T-cell species (naïve CD8 N , cytotoxic effector CD8 E ): These cells are initialized as CD8 N in the left upper quadrant of the proto-CIABM, simulating their baseline existence in lymph tissue. In their naïve form they do not move, but if they are exposed to trafficking macros or DCs that are positive for viral-Ag, then they become activated to cytotoxic CD8 E , which can then move toward any viruses. If the come in contact they will kill the viruses but also damage host tissue.
Regulatory T-cells (T-regs). This agent class is used to abstractly aggregate a large set of different subtypes of T-cells (many of which are CD4+, but also includes CD8+ regulatory cells, double negative CD T-cells, among others). While a plethora of these cell types exist, in general, they share many common features: Therefore, the CIABM aggregates these functions into a single abstract tregs class. T-regs freely move, reflecting their initial peripheral location.
They become activated through interactions with antigen-presenting cells (either host-macros or host-DCs with positive transplant-Ag); once activated they produce IL-10. They are also able to induce apoptosis of antigen presenting cells already activated with viral-Ag.
Results
Simulations of response to generic viral challenge were able to generate qualitatively plausible viremia/clearance dynamics (see Figure 2 ). 
Discussion
The CIABM is an initial step at developing a framework for examining the 
